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The role of the paternal genome in the development of the
mouse germ line
Maithreyi Narasimha, Sheila C. Barton and M. Azim Surani
The mouse germ line originates at 6.5 days post coitum
(dpc) in the proximal epiblast, apparently in response to
signals from the primitive endoderm or the
extraembryonic mesoderm [1,2]. Some studies have
implied a significant role for imprinted genes in germ-
line development [3,4]. These genes, whose expression
is determined by their parental origin [5], serve
complementary functions during mammalian
development [6–9] and exert striking reciprocal
phenotypic effects on androgenetic (AG: two paternal
genomes) and parthenogenetic (GG/PG: two maternal
genomes) cells [3,4,10]. This may include a fundamental
effect on germ-cell development because PG but not
AG cells can differentiate into viable gametes [3,4,11],
suggesting that the maternal genome is obligatory for
development of the mammalian germ line. Here we
show unequivocally that AG cells can differentiate into
germ cells, and that in chimeras with normal cells they
produce functional sperm. These studies establish that
the paternal and maternal genomes can individually
provide both the signal and the response required for
the specification of germ cells in mammals. 
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Results and discussion
A contribution from AG cells of greater than 10% to
chimeric embryos results in embryonic lethality (S.C.B,
unpublished observations), making it difficult to study
their transmission through the germ line in chimeras. 
To enable survival of chimeras to adulthood, only five
AG embryonic stem (ES) cells carrying the ROSA26
transgene were injected into host albino blastocysts.
These AG ES cells have been fully characterized and
retain both the phenotypic and allele-specific parental
methylation imprints of androgenetic embryos (M.N., T.
Tada, unpublished observations). Out of the 14 live-born
chimeras, only two male chimeras, Q5 and Q7, survived;
both showed skeletal and limb deformities characteristic of
chimeras containing AG cells [4,10]. Q5 produced 148
pups, out of which six had dark eyes and skin colour
(Figure 1b,c) demonstrating that they carried a paternal
genome that was derived from AG cells. These pups were
apparently normal and grew up to be fertile adults. This
provided the first evidence for the transmission of AG cells
through the germ line. In a control experiment using
gynogenetic ES cells, the frequency of germ-line trans-
mission by female chimeras (0–4%, n = 4) was comparable
to that seen with AG cells (0–4%, n = 2), despite the
higher number of ES cells (10–15) used in their produc-
tion. In contrast, male chimeras produced with 10–15 nor-
mal ES (NR2) cells of the same genotype showed a high
frequency of germ-line transmission (25–100%, n = 4).
The allocation of AG cells to the embryonic gonads in
chimeras was also examined. As these chimeric embryos
were not destined to go to term, an enhanced germ-line
contribution from donor cells was attempted by injecting
Figure 1
Germ-line transmission of AG cells. (a) lacZ-positive cells
(arrowheads) carrying the ROSA26 transgene in the genital ridge of a
13.5 dpc chimera with AG(ROSA26) ES cells. (b) Q5, a surviving
chimera showing limb and skeletal deformities (arrowheads)
characteristic of chimeras containing AG cells, from whom germ-line
transmission of AG cells was obtained. This is confirmed by the dark
eyes and skin of one of the pups (arrowhead) in (c). Scale
bar = 200 µm.
10–20 AG ES cells into host blastocysts. When recovered
at 13.5 dpc, the gonads revealed the presence of germ
cells derived from AG cells in two out of the nine
chimeras examined (Figure 1a). From serial sections of
such gonads (both male) the number of germ cells was
estimated to be less than 20, although a higher contribu-
tion of AG cells to the somatic component of the gonad
was observed in some of these chimeras (not shown). 
Additional experiments were carried out using the
GOF18∆PE transgenic line, which contains a lacZ reporter
under the control of the Oct4 promoter and the distal
enhancer, which restrict the expression of lacZ to germ
cells [12]. AG blastocysts carrying this reporter transgene
were produced, their inner cell masses isolated and intro-
duced directly into host blastocysts to prepare chimeras.
In this experiment, we could thus exclude the possibility
that the AG ES cells we used in the previous experiment
could have undergone changes in vitro during their deriva-
tion and culture. Chimeras were analyzed between 9.5 dpc
and 12.5 dpc. LacZ-positive cells derived from the andro-
genetic inner cell mass were detected on the migratory
route to the condensing genital ridges in small numbers
(<15) in two out of three 9.5 dpc chimeras (data not
shown) and in substantial numbers (around 100) in one
10.5 dpc chimera (Figure 2c,d). A large number of germ
cells (200–300) were seen in the genital ridges of one
12.5 dpc female chimera (Figure 2e,f). All these chimeras
also showed growth enhancement and phenotypic features
characteristic of chimeras containing AG cells [4,10].
We also tested the intrinsic ability of AG cells to differenti-
ate into germ cells in the absence of wild-type cells present
in chimeras in previous experiments. For this purpose, we
examined androgenetic embryos (androgenones) carrying
the GOF18∆PE transgene at 8.5 dpc, which is generally
their maximum period of viability and shortly after expres-
sion of the reporter transgene is detected in germ cells in
control embryos. Nine androgenones were obtained, of
which five contained between 1 and 12 somites. Of the
other four, two were at the headfold stage and two were at
the primitive streak stage, corresponding developmentally
to 7.5–8.0 dpc wild-type embryos. Despite the growth retar-
dation and developmental delay characteristic of andro-
genones, germ cells were detected in both the head fold
stage embryos and in three of the four 1–10 somite stage
embryos (Figure 3c–f). In one androgenone with approxi-
mately 12 somites, more than 100 germ cells were seen in
two clusters, one around the hind gut endoderm pocket and
the other along the length of the wall of the hind gut. In
three other advanced embryos (6–10 somites), germ cells
were seen clustered in the hind gut endoderm pocket
(Figure 3e,f) and a few were found scattered at sites
between the base of the allantois and the hind gut (Figure
3c,d). Between 40 and 100 germ cells could be counted in
these embryos, which is within the normal range expected
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Figure 2
Primordial germ cells in chimeras containing AG cells carrying the
GOF18∆PE transgene. Low magnification images of (a) uncleared
normal 9.5 dpc transgenic embryo, (c) 10.5 dpc chimera with AG
cells, and (e) a cleared sagittal slice of a 12.5 dpc chimera containing
AG cells, stained whole mount for lacZ, showing PGCs derived from
AG cells (arrowheads) along the route of their migration to the
condensing genital ridges. Embryos were cleared in a 2:1 mixture of
benzyl benzoate and benzyl alcohol after dehydration. The dark eye
colour in the embryo in (e) indicates chimerism. (b,d,f) represent higher
magnifications of the embryos in (a,c,e) respectively. The spotty pattern
of distribution of lacZ-positive cells in (f) suggests that this chimera is
female. Scale bar in (a,c,e) = 1500 µm; in (b,d,f) = 600 µm.
in wild-type embryos of identical developmental stage.
Approximately 25–50 germ cells were scattered at the base
of the allantois in the two head fold stage AG embryos (data
not shown). While these numbers represent only rough esti-
mates, in some of the normal transgenic embryos we ana-
lyzed at head fold and early somite stages, the numbers
were lower than in the equivalent AG embryos and the
germ cells appeared to be more widely dispersed and less
clustered (Figure 3a,b).
Finally, we attempted to compare the relative numbers of
germ cells in AG and GG/PG embryos. However, direct
comparisons were not possible because it was found that
expression of the transgene was delayed following mater-
nal inheritance in control embryos. Nevertheless, in some
9.5 dpc PG embryos, we detected germ cells along the
migratory route to the genital ridge (data not shown). The
number of germ cells in PG embryos was considerably
lower than in control embryos that had inherited the trans-
gene from the maternal germ line.
This study demonstrates unequivocally that AG cells can
differentiate into primordial germ cells, as well as into
functional sperm, in chimeras containing wild-type cells.
Therefore, like the maternal genome in parthenogen-
tic embryos (parthenogenones), the duplicated paternal
genome in androgenones is by itself capable of generating
both the signal and the appropriate response required for
the specification of germ cells [2]. Interactions of germ cells
with one another [13], with molecules of the extracellular
matrix and with the somatic components of the gonad
[14,15] have been shown to be critical for their migration
and maturation. Since androgenones do not usually survive
beyond 8.5 dpc, it is not possible to determine whether the
cues required for the subsequent migration of germ cells to
the definitive gonads, or for their differentiation into
mature gametes, can also be provided by the AG cells.
Although an intrinsic defect in their differentiation may
account for the low frequency of germ-line transmission
from AG cells, it seems likely that this reflects the poor via-
bility of chimeras containing large numbers of AG cells and
the stochastic nature of cell allocation in chimeras. 
We have shown that both AG and PG/GG cells can con-
tribute to the germ line, despite differences in their epige-
netic properties, which include modifications of DNA such
as methylation at imprinted loci [16,17]. ES cells derived
from mice lacking DNA methyltransferase [18] as well as
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Figure 3
Oct-4/lacZ expression in the germ cells of
GOF18∆PE transgenic normal and
androgenetic embryos. (a) Control transgenic
8.5 dpc embryo showing lacZ-positive cells
scattered at the base of the allantois (all) and
in the hind gut pocket (arrowhead).
(c,e) Uncleared 8.5 dpc androgenetic
embryos. A sagittal view of one androgenone
(c) shows substantial numbers of lacZ-
positive cells clustered in the hind gut pocket
(arrowhead) with fewer cells scattered at the
base of the allantois (all). A ventral view of
another androgenetic embryo (e) showing
lacZ-positive cells in the hind gut endoderm
pocket (arrowhead). (b,d,f) represent higher
magnification images of the caudal ends of
the androgenones in (a,c,e) respectively.
Scale bar = 300 µm. hge, hind gut pocket.
male and female embryonic germ (EG) cells derived from
8.5–12.5 dpc primordial germ cells (PGCs) can be transmit-
ted through the germ line ([19,20] and T. Tada et al.,
unpublished observations). Evidently, the initial status of
parental imprints does not preclude the ability of cells to
contribute to the germ line. This is substantiated by the
erasure of parental allele-specific imprints in the germ cells
by 11.5 dpc, prior to the germ-line-specific epigenetic
switch [21]. Since one of the seminal roles of the germ line
is to reprogram the genome, it seems logical that the devel-
opment of the germ cells themselves is not perturbed by
the loss of allele-specific parental imprints.
Materials and methods
Animals
B6/CBA F1 mice generated from C57Bl/6J and CBA/Ca stocks
obtained from Bantin and Kingman Ltd, outbred albino MF1 mice
obtained from Olac Ltd and ROSA26 mice, a kind gift of Dr Phil
Soriano [22], were maintained and bred at this institute. The
GOF18∆PE [12] transgenic mice were made by pronuclear injection of
F1 × F1 eggs and bred to homozygosity.
Embryonic stem cell lines
Normal (NR2), androgenetic (AKR1, AKR4) and gynogenetic (TMAS-1)
ES cell lines of the ROSA26/129 genotype were derived from the
appropriate blastocysts and characterized by karyotyping [23]. AKR1,
AKR4 and NR2 were euploid and male whereas TMAS-1 was female.
Early passage cells (4–8) were used in the experiments described.
Preparation of androgenones, gynogenones and chimeras 
AG and GG embryos carrying the reporter transgenes were made by
nuclear transplantation of fertilized oocytes that inherited the ROSA26 or
GOF18∆PE transgenes paternally or maternally, respectively [24]. Diploid
PG embryos carrying the GOF18∆PE transgene were made by activating
unfertilized oocytes from homozygous females [24]. Both AG and
GG/PG embryos were cultured for 2 days and transferred to the oviducts
of 0.5 dpc pseudopregnant females at the 4- to 8-cell stage. Embryos
were recovered at 8.5 dpc. For the production of chimeras, inner cell
masses isolated from AG (GOF18∆PE) embryos cultured to the blasto-
cyst stage or 5 or 15 AG, GG or normal ES cells of the ROSA26 strain
were injected into host 3.5 dpc MF1 × MF1 blastocysts, which were then
transferred to the uteri of 2.5 dpc pseudopregnant females. Chimeric
embryos were dissected between 9.5 dpc and 12.5 dpc. All embryos
were analyzed by staining with X-gal using standard protocols [25].
Supplementary material
A table showing the germ-line efficiency of adult chimeras containing
ROSA26 ES cells and one showing the number and location of primor-
dial germ cells in 8.5 dpc androgenones are published with this paper
on the internet.
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